Potato and its products have become indispensable foods and snacks for most people. Steroidal glycoalkaloids (SGAs) occur in all tissues of the potato, and consuming potatoes with a high SGA content harms human health. Therefore, the effects of different cooking methods on the SGA content in potato foods were investigated in this study. The results indicated that adding food-grade acetic acid during the manufacturing process did not affect the SGA content in stir-fried shredded potatoes or fresh mashed potatoes. However, the SGA content in potato food after peeling was significantly lower than that in non-peeled food, and the volume ratio of potato skin to flesh decreased with the increase of the potato tuber volume. Therefore, potato breeders and farmers should make the most hard to increase the proportion of commodity potato via corresponding science and technology. In addition, frying significantly reduced the SGA content in potato chips. Further research indicated that SGAs degraded slowly at 150°C, while they degraded rapidly at 190°C within 30 min. The temperature of rapeseed oil in the frying process can be as high above 200°C. Thus, frying significantly decreased the SGA content in potato chips, which could be attributed to temperature. These results will provide a theoretical basis and practical guidance for potato breeding and cooking.
Introduction
Potato (Solanum tuberosum L.) is the fourth largest crop next to rice, wheat and corn. [1, 2] Potatoes are planted in approximately 160 countries and regions all over the world. China is the largest producer of potatoes, and its potato acreage and production account for approximately 20% of that in world. [3] According to the Food and Agriculture Organization (FAO), humans consume approximately 300 million to 330 million tons of potatoes per year, and human consumption is the main form of potato consumption, accounting for approximately 65% of the total potato consumption.
As potatoes are rich in nutrients such as proteins, carbohydrates, vitamins, minerals and phytonutrients [1] , and given the implementation of policies and the publication of guides such as the strategy of China's potato staple in 2015, potato consumption is expected to increase. However, the trouble is that potatoes have natural secondary metabolites, the steroidal glycoalkaloids (SGAs), mainly α-chaconine and α-solanine ( Fig. 1) , which account for 95% of the total SGAs in potatoes. [4] Although the SGA concentration is positively correlated with the potato's sensory evaluation at low concentration [5] , it can affect the human intestinal tract and nervous system function [6] , disrupt biofilm system and inhibit acetylcholinesterase and butylcholinesterase activity at high levels. [7] Excessive consumption can lead to poisoning or even death. [6] Therefore, the safety limit of SGA content in potato tuber is 200 mg/kg. fresh potato weight (mg/kg FW). [8] Given that people consume processed potato products, not fresh potatoes, studies on the effect of cooking methods on the SGA content in processed potato products and the monitoring of SGA content in potato products after processing are of great significance for safe potato consumption.
Potato foods such as potato chips, stir-fried shredded potatoes and fresh mashed potatoes are common in everyday life for farmers and restaurants in China. Although some empirical researches [9, 10] have investigated the effects of cooking methods on SGA in potato foods, the SGA level research on stir-fried shredded potatoes and fresh mashed potatoes is rare. In addition, accumulated empirical findings suggest that the majority of SGA content is in the potato skin and that the level in skin, but not in flesh, varies significantly with time. [11] [12] [13] Therefore, the purpose of this study was to investigate the effects of different cooking methods on the SGA content of potato foods and fit the volume ratio of potato skin to flesh, and explore degradation temperature of SGA in potato sample to explain possible reasons for SGA content decreased after cooking in potato foods, which will provide a theoretical basis and practical guidance for potato food cooking.
Materials and methods

Reagents and consumables
α-Chaconine and α-solanine standards were purchased from Extrasynthese (Genay, France). HPLCgrade methanol, acetonitrile, formic acid and ammonium acetate were obtained from Sigma (USA). A 0.22 μm PTFE filter and the corresponding filter head were supplied from Supelco (Bellefonte, PA, USA).
Purified water was from a water purification system (Sartorius, Germany). Analytical-grade acetic acid and acetonitrile were obtained from China Pharmaceutical Group Chemical Reagent Co. Ltd. Sep-Pak columns were supplied from Waters (USA). Standard stock solutions (500 and 1,000 μg/mL) of α-chaconine and α-solanine were prepared in methanol. Mixed stock solutions were diluted daily with the mobile phase to concentrations of 2 to 400 μg/L (2, 5, 10, 20, 50, 100, 200 and 400 μg/L) as the working solutions. All standards and stock solutions were stored at −20°C in the dark, and the working solutions were stored at 4°C in the dark before use.
Experimental subjects
Experimental subjects were Unica potatoes in this study. Potato tubers were washed with tap water and allowed to dry at room temperature, which were the raw materials for the cooking experiments in the present study. The cultivar has a large planting area and a large number of consumers, especially Yunnan province.
Experimental design
To investigate the effect of food-grade acetic acid on SGA content in stir-fried shredded potatoes, the experiment was run with two independent samples and 3 repetitions. The operation included [14] : 1) The potatoes were cut into neat slices. 2) The potato slices were cut into even filaments. 3) We added 10 mL rapeseed oil to the wok and added the chili segments to stir-fry until a fragrance was smelled. 4) We removed the fried prickly ash, and added the scallions, ginger, garlic, pepper and stir-fried them until their fragrance was smelled. 5) We added 50 g potato filaments. 6) We added 5 mL edible acetic acid into the treatment group after stir-frying 1 min, while we added 5 mL pure water into the CK group after stirfrying 1 min, and then we continued to stir fry the potato filaments for 2 min. 7) We added shredded chili to the wok and stir-fried for 2 min. 9) We added scallions and salt to adjust the taste.
To investigate the effect of food-grade acetic acid on SGA content in fresh mashed potatoes, a double-factor design with 3 repetitions was adopted. The factors were whether to peel or not and add food-grade acetic acid or not. The operation included [15] : 1) The about 1000 g potatoes were randomly divided into two groups and numbered. About 2-mm-thick potato skins of the treatment group were peeled and added into a 4 L stockpot, and then 1 L tap water was added. The intact potatoes of the CK group were put into a 4 L stockpot with 1 L tap water. They were boiled for 40 min on an induction cooler under the condition of 1100 W. We drained the cooked potato tubers and tore off the intact potato epidermis. After the potatoes cooled, they were cut into small pieces with a knife and put on a plate for the test. The water-boiled potato was sampled with a 5 mL polyethylene pipe in three replicates and numbered for the test. 2) The dried chili was cut into segments. 3) We added 10 mL rapeseed oil into a heated pot after the oil temperature was high, and then we added the chili segments to it until their fragrance was smelled. 4) We added 50 g potato pieces and stir-fried 3 min. 5) We added 5 mL edible acetic acid to the treatment group, then added 5 mL pure water again. We added 5 mL pure water to the CK group, then added 5 mL pure water again. Both groups simmered for 5 min. 6) We added salt and sesame oil to adjust the taste while the excess water was drying. Meanwhile, we continued to stir-fry over heat. 7) The fresh mashed potatoes were put onto a plate and the excess water was dried with a towel.
To investigate the effect of the frying process on SGA content in potato chips, a paired design was used with 3 repetitions. The operation included [16] : 1) The dried potatoes were cut into the shape of French fries. 2) We added 200 mL rapeseed oil into a pot, and added 50 g French chips after heating. 3) We placed the chips on a paper towel to drain the excess oil until the chips turned golden.
To test the degradation temperature of potato SGA, potato tubers were weighed (fresh weight) and cut into 0.2 mm× 10 mm× 10 mm pieces. They were heated in an oven at 60°C for at least 24 h to dry [17] , then ground into a powder using a Perten 3100 grinding mill (Sweden). The samples were stored at 4°C in the dark before use. In the present study, a single-factor multilevel design with 3 replicates was adopted. Temperature was set to 0°C, 90°C, 120°C, 150°C, 160°C, 170°C, 180°C or 190°C. The potato powder sample weight was approximately 1 g and the test time was 2 h. To test the effects of 150°C, 160°C, 170°C, 180°C and 190°C for various times on the SGA content in potato samples, single factors with two repeatable measurements were used. The factor was temperature or time (0.5 h, 2 h, 8 h and 24 h). The sample weight was approximately 1 g, with 3 replicates.
Sample collection and preparation
According to our previous results [11] , approximately 1 g experiment sample after cooking (or a 0.2 g sample of potato powder) was weighed into a 10 mL centrifuge tube, and 10 mL of 10% acetic acid aqueous solution was added. The mixture was blended in a Whirlpool blender for 2 min, then shaken on an oscillator for 2 h. The homogenized sample was centrifuged at 8,000 r/min for 10 min at 4°C on a Himac CF15RN high-speed centrifuge (Hitachi, Japan), and 0.5 mL of the clear supernatant (or 0.5 mL of water from boiled potatoes) was collected, and brought to 25 mL with the mobile phase, to avoid any solvent effects during analysis. In addition, to fit to the standard curve, the samples whose SGA content exceeded the linear range were diluted with mobile phase. The sample was then filtered through a 0.22 μm nylon membrane filter and transferred into an amber HPLC vial (1 mL, Agilent, Santa Clara, CA, USA).
The purification operation with the Sep-Pak column included 6 steps: 1) The Sep-Pak column was balanced with 6-10 column volume of methanol or acetonitrile, then washed with water or buffer salt (6-10 column volume) and not allowed to dry completely. 2) The sample was dissolved in strong solvent and put into the Sep-Pak column.
3) The target compounds were eluted with strong polar solvent. 4) The non-target compounds were eluted with weak polar solvent. 5) The ingredients that were were retained more strongly were eluted with increasing non-polar solvent. 6) The Sep-Pak column was disposed of appropriately after recycling all the components.
Instrumentation and analytical method
The effects of temperature on potato SGA content were assessed with a PrepASH229 automatic moisture ash analyzer (Precisa, Swiss). The instrument was turned on, and weights were used to adjust the balance. The instrument was more accurate when the display quality value was 0.0000 g. Peel/weight mode was selected to set it to single peeling/single weighing (T/S). The temperature program was set after sampling ( Table 1 ). The samples were removed and placed into a dryer to cool when the program finished. The water loss rate of samples was recorded, and the data for all the parameters were corrected for moisture loss. The SGA content in potato samples was detected by ultra-high-performance liquid chromatography-triple quadrupole mass spectrometry (UHPLC-MS/MS), quantified using an external standard. The UHPLC-MS/MS system consisted of a Dionex UltiMate 3000 RSLCnano system (Thermo Fisher Scientific Inc., Waltham, MA, USA) coupled with a Finnigan TSQ Quantum Ultra triple quadrupole tandem mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with an electrospray ionization (ESI) source, whose resolution is 1 Da. The Dionex UltiMate 3000 RSLCnano system included SRD-3600 solvent racks, DGP-3600RS pumps, a WPS-3000TRS autosampler (RS) and a TCC-3000RS column compartment. The compounds were separated using an Agilent ZORBAX RRHD HILIC Plus analytical column (2.1 × 100 mm, 1.8 μm) and the mobile phase consisted of 20% solvent A (10 m mol/L ammonium acetate aqueous solution in -0.01% formic acid) and 80% solvent B (acetonitrile -in 0.01% formic acid). The flow rate was 0.3 mL/min, the injection volume was 5 μL, and the column temperature was 25°C. The analytical data workstation utilized Thermo_Scientific TraceFinder EFS v3.1 software. Nitrogen was used as the desolation gas and cone gas, and argon was used as the collision gas.
The following parameters for MS were selected: 3 kV spray voltage, 300°C vaporizer temperature, 45 Arb sheath gas pressure, 2.0 Arb ion sweep gas pressure, 15 Arb auxiliary gas pressure and 350°C capillary temperature. For each SGA, the collision energies and cone voltages were optimized in MRM mode using the [M + H] + ions to determine the precursor ions and the two most intense product ions for quantitation and qualitation, respectively ( Table 2 ). The compounds were determined according to retention time, relative kurtosis and characteristic production ion of the standard, and they were quantified with the higher response ion pair (α-chaconine: 852.257 > 398.300; α-solanine: 868.257 > 398.300, Table 2 ).
Statistical analysis
The SGA content data in stir-fried shredded potatoes was hypothesis-tested using the single-factor two-level design (group design) for quantitative data. [18] α-Chaconine, α-solanine and total SGA served as dependent variables and treatment served as a fixed factor.
The SGA content data in fresh mashed potatoes was hypothesis-tested using the double-factor design for quantitative data. [18] α-Chaconine, α-solanine and total SGA served as dependent variables, and whether peeled or not and whether acid was added or not served as fixed factors. The SGA content data in water-boiled potatoes was hypothesis-tested using the single-factor two-level design (group design) for quantitative data. [14] α-Chaconine, α-solanine and total SGA served as dependent variables, and whether peeled or not served as the fixed factor.
The SGA data in potato chips was hypothesis-tested using a matching design for quantitative data. [18] α-Chaconine, α-solanine and total SGA served as dependent variables, and frying process (before and after) served as the fixed factor.
Prior to the data analysis, the data normality test was performed. If the data were skewed, they were log-transformed. The SGA contents are expressed in mg/kg FW. Total SGAs are expressed as the sum of α-chaconine and α-solanine. The data analysis was performed using SAS v. 9.2 (SAS Note: "*" represents the quantitative ion.
Institute Inc., Cary, NC, USA). Post-hoc comparisons of significant effects were performed using Duncan method at P < 0.05. The data are expressed as the mean ± SE. In addition, the data from the experiments of SGA degradation temperature and the effects of temporal dynamics at 150°C, 160°C, 170°C, 180°C, 190°C and 200°C are expressed as the mean of the peak area that the instrument detected, these data were not hypothesis-tested.
Results and discussion
Effect of edible acetic acid on the SGA content in stir-fried shredded potatoes Edible acetic acid was added to the potato food in the process of stir-fried shredded potatoes, and the results showed that the edible acetic acid did not significantly affect the SGA content (α-chaconine: t = 1.59, P = 0.1868; α-solanine: t = 1.28, P = 0.2704; total SGAs: t = 1.83, P = 0.1414). The αchaconine, α-solanine and the SGA contents in the experimental groups were 0.908 ± 0.032, 0.391 ± 0.006 and 1.299 ± 0.039 mg/kg, respectively, and in the CK groups were 0.816 ± 0.048, 0.377 ± 0.010 and 1.193 ± 0.043 mg/kg. The difference between them was not significant (Fig. 2) . However, the SGA levels were much lower than the international safety limit of 200 mg/kg FW. [8] Effect of edible acid and the cooking process on the SAG content in fresh mashed potatoes
The water-boiled potato was sampled after 40 min, and the results showed that the SGAs were dissolved in water to different degrees, but the effect of peeling on the SGA content in water was significant (αchaconine: t = 5.96, P = 0.0040; α-solanine: t = 4.24, P = 0.0133; total SGAs: t = 5.46, P = 0.0055). The SGA content in boiled potato water after peeling was lower than that after no peeling (P < 0.05, Fig. 3 ). Water is a strongly polar solvent, and SGA is a polar compound. Therefore, potato SGA can be dissolved in water according to the principle of similar solubility. Due to the high content of SGA in potato skins [19] and significant changes with time [11] , less SGA was found in boiled potato water after peeling.
Edible acetic acid was added to fresh mashed potatoes in the cooking process, and the results indicated that this did not affect the SGA content (peeled potatoes: α-chaconinte: t = 0.81, P = 0.4632; α-solanine: t = 0.86, P = 0.4394; total SGAs: t = 1.58, P = 0.1891; non-peeled potatoes: α-chaconine: t = -0.04, P = 0.9674; α-solanine: t = -0.99, P = 0.3790; total SGAs: t = -0.53, P = 0.6244). However, the effect of peeling or not on the SGA content in fresh mashed potatoes was remarkable (α-chaconine: F 3,8 = 296.27, P < 0.0001; α-solanine: F 3,8 = 42.77, P < 0.0001; total: SGAs: F 3,8 = 159.796, P < 0.0001). Multiple comparative analyses showed that SGA content in fresh mashed potatoes after peeling was significantly lower than after not peeling (Fig. 4) . According to a previous study, the majority SGA is in the potato skin. [11] Thus, the SGA content can be greatly removed during the preparation stage of raw materials, which can minimize people's consumption of potato SGA and reduce the harm to human health. These SGA content were much lower than the recommended limit of 200 mg/kg FW [8] (Fig. 4) .
A previous study indicated that the SGA contents were similar among all process potato foods [20] , but peeling can significantly affect it [21] [22] [23] , possibly reducing the SGA content 20-30%. [22] Other findings showed that peeling potatoes can reduce SGA content by almost half. [24] In addition, the amount of SGA in potatoes can be significantly reduced by rinsing with water. [25] Given that the majority SGA content is in the potato skin and varied significantly with time in skins not in flesh [11] , we simulated the volume ratio change of skin to flesh for different size potatoes in the next section. It is expected to provide a theoretical guidance to potato breeders and consumers.
Volume ratio of potato skin to flesh
The experimental subjects, Unica potatoes, are approximately ellipsoid. Therefore, the potato tubers were modeled as ellipsoids ( Fig. 5 ):
Where a ≠ b ≠ c; a, b are equatorial radii; and c is the polar radius. The volume of the potatoes was modeled as follows:
According to a previous study, the thickness of the potato skin was assumed to be 2 mm. [26] Therefore, the volume of potato flesh was modeled as follows:
Volume of potato skin was as follows
It follows that the volume ratio of potato skin to flesh is as follows: Figure 5 . Potato tuber model.
When 5 mm ≤ a = b = c < 50 mm, that is potato tubers are approximately spherical, we have
where R is the radius. That is the value of the ratio decreases with increasing potato volume (Fig. 6) . Similarly, when 5 mm ≤ a < b < c < 50 mm, that is, potato tubers are approximately ellipsoid, the value of abc aÀ2 ð Þ bÀ2 ð Þ cÀ2 ð Þ À 1 decreases with increasing potato volume. Therefore, potato breeders and farmers should make an effort to increase the proportion of commodity potatoes via the corresponding science and technology.
Effect of frying process on the SGA content in potato foods
The SGA detection of potato chips before and after frying was showed that the frying process significantly affected the SGA content (α-chaconine: t = 6.06, P = 0.0038; α-solanine: t = 4.05, P = 0.0154; total SGAs: t = 4.20, P = 0.0137). The results from multiple comparisons suggest that the SGA content of potato chips after frying was significantly lower than before frying (Fig. 7) . The results are consistent with the finding that, a large amount of potato SGA content can be eliminated in the frying process. [4, 22, 27] A study on colored potato showed that the SGA content in the food was significantly reduced after potato frying. [9] Relative to raw materials, the frying process can decrease the SGA content by 83% and can reduce the SGA content of potato chips by 92% among their research potato cultivars. Other findings have indicated that the cooking process can reduce the SGA content by approximately 84% [22] , and can reduce the SGA content of fried chips by approximately 94%. [27] All in all, the potato frying process can reduce the SGA content of potato food. [10] However, studies investigating main reason for the reductions in the SGA content in fried potato foods are rare. In the present study, we hypothesize that the decrease of SGA in potato chips after frying may be due to temperature, thus, the researches of effects of temperature on the SGA content in potato samples were conducted in the next section. 
Effect of temperature on the SGA content in potato samples
Experiments analyzing the effect of temperature within 2 h on the SGA content in potato samples were carried out by a PrepASH229 automatic moisture ash analyzer, and the results indicated that the SGA content did not vary with time when the temperature was below 150°C. However, the SGA content decreased to various degrees at temperatures higher than 150°C. α-Chaconine content decreased with a constant slope from 150 to 190°C; the slope of the decrease in α-solanine content from 150 to 180°C was lower than that from 180 to 190°C (Fig. 8 ). Furthermore, we detected the SGA content in potato samples within various times at different temperatures from 150 to 190°C, and the results indicated that the α-chaconine content decreased quickly within 30 min at 150 to 170°C, and then decreased to 0 within 8 h at a slower speed. However, the α-chaconine content in potato samples decreased quickly to 0 within 2 h at 180 to 190°C. The αsolanine content changed similarly to α-chaconine ( Fig. 9 ). Therefore, the potato SGA degraded at temperatures above 150°C. This could be that the chemical structure of SGA were destroyed, which are needed other empirical evidence for further confirmation. The oil temperature can reach to above 200°C in the process of frying. Therefore, the reason the SGA content decreased could be the temperature of the frying process, which validated the hypothesis proposed in the previous section.
Conclusion
In the process of potato cooking, acetic acid did not affect the SGA content in potato foods. Because of the SGA content is higher in the potato skin, peeling the potato can reduce it significantly during the potato cooking, and the volume ratio of potato skin to flesh decreases with increasing potato tuber volume. Therefore, potato breeders and farmers should make an effort to increase the proportion of commodity potato via corresponding science and technology. The SGA degraded to various degrees at temperature above 150°C and degraded quickly at 190°C. The edible oil brand was Yunnan Dianxue rapeseed cooking oil, which can reach to above 200°C in the process of frying. Therefore, the reason the SGA content decreased could be the temperature of the frying process.
From what has been discussed above, these cooking methods, such as peeling and frying, can significantly reduce the SGA content in the cooking process of potato foods, which is of great significance for helping people to consume potato foods safely.
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